Background: Circulating tumor cells (CTCs) are frequently detected in patients with advanced-stage malignant tumors and could act as a predictor of poor prognosis. However, there is a paucity of data on the relationship between CTC number and primary tumor volume in patients with lung cancer. Therefore, our study aimed to evaluate the relationship between CTC number and primary tumor volume in patients with lung adenocarcinoma. Methods: We collected blood samples from 21 patients with treatment-naive lung adenocarcinoma and 73 healthy individuals. To count CTCs, we used a CTC enrichment method based on fluid-assisted separation technology. We compared CTC numbers between lung adenocarcinoma patients and healthy individuals using propensity score matching, and performed linear regression analysis to analyze the relationship between CTC number and primary tumor volume in lung adenocarcinoma patients. Results: CTC positivity was significantly more common in lung adenocarcinoma patients than in healthy individuals (p<0.001). The median primary tumor volume in CTC-negative and CTC-positive patients was 10.0 cm 3 and 64.8 cm 3 , respectively. Multiple linear regression analysis showed that the number of CTCs correlated with primary tumor volume in lung adenocarcinoma patients (β=0.903, p=0.002). Further subgroup analysis showed a correlation between CTC number and primary tumor volume in patients with distant (p=0.024) and extra-thoracic (p=0.033) metastasis (not in patients with distant metastasis). Conclusion: Our study showed that CTC numbers may be associated with primary tumor volume in lung adenocarcinomas patients, especially in those with distant metastasis.
Introduction
Lung cancer is the leading cause of cancer-related death worldwide, and non-small cell lung cancer (NSCLC) contributes to 85% of these deaths 1, 2 . In recent years, the incidence of lung adenocarcinoma has markedly increased among NSCLC patients 3 . Although many genetic mutations and translocations that can be used for targeted therapies for lung adenocarcinoma have been identified, the 5-year survival rate remains low, and many patients present with advanced-stage disease at initial diagnosis 4 .
Circulating tumor cells (CTCs) are tumor cells that have been released into the peripheral blood from either a primary lesion or a metastatic site. These cells are involved in metastatic spread, which leads to the dissemination of the disease to secondary sites 5 . Detection and monitoring of CTCs could be a valid and non-invasive method for early detection of tumors, prognosis prediction, and assessment of treatment options in patients with lung cancer 6, 7 .
Several studies have examined CTCs in NSCLC patients. These studies found that CTC numbers are higher at advanced tumor stages [8] [9] [10] , higher CTC numbers correlate with a poor prognosis for survival 11 , and CTC number is positively correlated with the number of metastasis sites 2 . However, few studies have examined the relationship between CTC number and primary tumor volume. The aim of our study was to evaluate the relationship between CTC number and primary tumor volume in patients with lung adenocarcinoma.
Materials and Methods

Study design, participants, and clinical parameters
We performed CTC analysis on a cohort of patients with histologically confirmed, treatment-naive lung adenocarcinoma and healthy individuals, and conducted a retrospective review. We enrolled lung adenocarcinoma patients from Ulsan University Hospital (Ulsan, Korea), diagnosed between October 2015 and June 2017, and healthy outpatients from the "Genome Korea In Ulsan" during the same period. Among the healthy individuals, we excluded patients with a prior or current history of malignancy on chest radiography, chest computed tomography, abdominal ultrasonography, esophagogastroduodenoscopy, and colonoscopy, and individuals under 50 years of age. One pulmonologist reviewed all the patients' clinical data, including age, sex, clinical stage, TNM sub-stage, metastasis sites, radiographic findings, histologic findings, and overall survival. This review was performed more than twice. Clinical stage was determined according to the 8th edition of the TNM classification for lung cancer. Primary tumor volume measurements had been performed by an experienced chest radiologist using a high-performance workstation (TeraRecon Aquarius iNtuition, TeraRecon, Foster City, CA, USA) ( Figure 1 ). This study was approved by the Institutional Review Board at Ulsan University Hospital (IRB No. 2018-04-028). All patients provided written informed consent before blood sampling.
CTC enrichment and enumeration
The CellSearch system (Menarini Silicon Biosystems, Bologna, Italy) remains the only Food and Drug Administration- Figure 1 . Four cases of primary tumor volume measurement using a high-performance workstation. The transverse (left upper, F), coronal (left lower, A), and sagittal (right lower, L) area of the tumor was examined using computed tomography attenuation values. Then, the device automatically reconstructed 3D images of the tumor (right upper, A). approved CTC isolation system proven to have both assay and clinical/biological validity in cancer. However, owing to the low expression of epithelial cell adhesion molecule (EpCAM), there are limitations to the use of the CellSearch system in detecting CTCs in cases of NSCLC. Therefore, no standard method exists for detecting CTCs in cases of NSCLC in clinical practice. We performed CTC enrichment and enumeration using the CD-PRIME platform (Clinomics Inc., Ulsan, Korea), which is based on a fluid-assisted separation technology (FAST)-based CTC enrichment method 12 . Peripheral blood samples were obtained from lung adenocarcinoma and healthy patients (3 mL and 6 mL, respectively). Samples were collected in ethylenediaminetetraacetic acid-coated vacutainer tubes (BD Biosciences, Franklin Lakes, NJ, USA). CTC enrichment was performed within 2 hours after blood sampling. The separation of peripheral blood mononuclear cells (PBMCs) from peripheral blood was accomplished by density gradient centrifugation at 800 ×g for 15 minutes at room temperature using a standard Ficoll-Paque Plus protocol (GE Healthcare, Uppsala, Sweden). Each PBMC sample was diluted with an equal volume of phosphate-buffered saline and was then applied to a CD-CTC Solo disc cartridge of the CD-PRIME system (Clinomics Inc.). CTCs were captured on a membrane within the CD-CTC Solo disc cartridge. To count the captured CTCs, immunofluorescence staining was performed on the disc. CTCs were identified using the following commonly accepted criteria: visible 4' ,6-diamidino-2-phenylindole nuclear staining, positive staining of cytokeratin or EpCAM in the cytoplasm, and negative staining of CD45 ( Figure 2A ). Isolated CTCs were characterized and enumerated using an automated fluorescence microscope scanning system, BioView Duet workstation (BioView Ltd., Rehovot, Israel) ( Figure 2B ). Although the CellSearch system defined "CTC positive" as ≥2 CTCs in 7.5 mL blood, we defined a patient to be "CTC positive" when the total number of CTCs was ≥1 CTCs in 3 mL of the subject' s blood sample based on previous FAST-based CTC analysis results 11, 12 .
Statistical analysis
Continuous variables were expressed as median (range) and compared using the Mann-Whitney U test. Categorical variables were expressed as numbers (%) and compared using the chi-square test. We conducted linear regression analysis to examine factors that could be related to CTC number in patients with lung adenocarcinoma. Sex, age, and possible influence factors for CTC number screened out (p<0.1 in simple linear regression) were subjected to multiple linear regression analysis, and we also checked the variance inflation factors, which were used to detect multicollinearity. To perform subgroup analysis, we classified lung adenocarcinoma patients according to the extent of distant metastasis, as follows: without distant metastasis, with distant metastasis, and with extrathoracic metastasis. Then, we analyzed the relationships between clinical factors and CTC number using scatter diagrams and simple linear regression analysis. Additionally, we performed analysis of covariance (ANCOVA) to check for the interaction between clinical factors and the extent of distant metastasis.
To establish the clinical utility of CTC enumeration using the FAST method in lung adenocarcinoma patients, we compared CTC results from both lung adenocarcinoma patients and healthy individuals. Since volumes of samples from healthy patients were double that of samples from lung adenocarcinoma patients, we corrected the CTC number obtained from healthy individuals (total CTC divided by 2). To reduce potential confounding effects, we adjusted for differences in sex and age between groups using propensity matching 13 . We developed propensity score-matched pairs using the Greedy 5/1-digit match algorithm based on propensity scores without replacement (a 1:1 match) 14 . A p-value of <0.05 was considered statistically significant. All statistical analyses were conducted using SPSS Statistics for Windows version 24.0 (IBM Corp., Armonk, NY, USA).
Results
Initially, for this study, 49 treatment-naive lung adenocarcinoma patients and 140 healthy individuals were enrolled. We excluded lung adenocarcinoma patients for whom CTCs were analyzed using other methods (n=28). Additionally, healthy individuals with current or previous malignancy histories (n=16) and individuals younger than 50 years old (n=51) were excluded. Finally, 21 lung adenocarcinoma patients and 73 healthy individuals were examined ( Figure 3 ).
Characteristics of lung adenocarcinoma patients
The baseline characteristics of lung adenocarcinoma patients are shown in Table 1 . The most common clinical stage of lung adenocarcinoma patients was IV, followed by I. Among the 21 lung adenocarcinoma patients, nine (42.9%) were CTCpositive. The median primary tumor volume was 10.0 cm 3 for CTC-negative patients and 64.8 cm 3 for CTC-positive patients (p=0.102). CTC-positive patients had more advanced T (T 1 2/9, T 2 0/9, T 3 1/9, and T 4 6/9 vs. T 1 5/12, T 2 4/12, T 3 1/12, and T 4 2/12; p=0.036) and M stages (M 0 2/9, M 1a 4/9, M 1b 1/9, and M 1c 2/9 vs. M 0 9/12, M 1a 0/12, M 1b 0/12, and M 1c 3/12; p=0.009) than CTC-negative patients. However, there were no significant differences between CTC-negative and CTC-positive patients in terms of age, sex, smoking status, clinical stage, N category, and metastasis sites.
CTC positivity was more common (stage IV [7/10] 
CTCs in lung adenocarcinoma patients and healthy individuals
The characteristics of lung adenocarcinoma patients and healthy individuals before and after propensity matching are shown in Table 2 . CTCs were only captured in lung adenocarcinoma patients after propensity score matching. When we assessed the diagnostic performance of CTC number by constructing a receiver operating characteristic (ROC) curve, the area under ROC curves (AUC) for the differentiation between lung adenocarcinoma patients and healthy individuals was found to be 0.714 (p=0.017). The sensitivity, specificity, and accuracy for the diagnosis of lung adenocarcinoma were 42.9%, 91.8%, and 80.9% respectively (Figure 4 ).
Relationship of CTC number and primary tumor volume
When we performed linear regression analysis to analyze the relationship of CTC numbers with clinical markers, CTC number was found to be positively correlated with primary tumor volume in simple (β=0.736, p<0.001) and multiple (Table 3 ). In the subgroup analysis, the correlation between CTC number and primary tumor volume varied according to the presence of metastasis ( Figure 5 ). CTC number was independent of primary tumor volume (β=-0.172, R 2 =0.030; p=0.612) in lung adenocarcinoma patients without distant metastasis. However, CTC number was correlated with primary tumor volume (β=0.701, R 2 =0.491; p=0.024) in lung adenocarcinoma patients with distant metastasis, and more significantly correlated with primary tumor volume (β=0.848, R 2 =0.719; p=0.033) in pa- tients with extra-thoracic metastasis. We found an interaction between primary tumor volume (set as a covariable) and the extent of distant metastasis (set as a fixed factor) through the ANCOVA (p=0.036).
Discussion
In this study, we analyzed the relationship between CTC number and primary tumor volume using the FAST-based CTC enrichment method. We hypothesized that the CTC number could be related to tumor volume in lung adenocarcinoma patients. To our knowledge, this is the first study to evaluate the relationship between primary tumor size and CTC number in cancer patients.
FAST is a clog-free and ultrafast centrifugal microfluidic method that allows the enrichment of viable CTCs from whole blood samples of cancer patients, and prior sample treatment is not required. The whole blood sample is injected into the inlet of the loading chamber on the CD-CTC Solo disc cartridge, and CTCs are trapped on a membrane based on their physical characteristics (cell size and rigidity). Kim et al. 12 reported that the FAST-based CTC enrichment method is highly sensitive, cost-effective, and can be used to detect a significant number of CTCs, not only in cancer patients with distant metastasis, but also in patients in relatively early stages of cancer who do not have distant metastases.
In our analysis performed using the FAST-based CTC enrichment method, we found significant differences in CTC number and AUC results between lung adenocarcinoma patients and healthy individuals. This suggests that CTC number could potentially be a diagnostic marker for lung adenocarcinoma. In addition, the CTC numbers in stage IV lung adenocarcinoma patients were higher than those in stage I-III lung adenocarcinoma patients, suggesting that CTCs could be used as a predictor of distant metastasis and poor prognosis. Our CTC analysis results were in concordance with previous study results 9, 11, 15 and suggested that the FAST-based CTC Several studies have attempted to evaluate the associations between clinical factors other than tumor stage and CTC number. Katoh et al. reported a strong correlation between the weight of the primary tumor and CTC number in an animal model 16 . Delfau-Larue et al. 17 found that tumor metabolic burden, evaluated by positron emission tomography-computed tomography, correlated with the CTC number in follicular lymphoma at diagnosis. In line with these findings, our study also demonstrates that primary tumor volume might be related to CTC number in patients with lung cancer, which may be because tumor volume better reflects cancer burden, like tumor weight and tumor metabolic burden.
Large primary tumor volume and the presence of metastasis are usually observed in advanced-stage cancer. Advancedstage cancer is known to be associated with high CTC numbers 9, 10 . We hypothesize that there are more CTCs in cancer patients with large primary tumors and evidence of metastasis. However, an interaction between primary tumor volume and extent of distant metastasis was observed when we analyzed the relationship between CTC number and tumor volume. Our subgroup analysis showed that in patients with metastatic lung adenocarcinoma, there was close relationship between the number of CTCs and primary tumor volume. Fu et al. 18 found that the number of CTCs did not correlate with whole-body metabolic tumor volume measured by positron emission tomography-computed tomography in IIIB small cell lung cancer patients, and this corresponded with one of our subgroup results (lung adenocarcinoma patients without distant metastasis). We hypothesize that variables in the microenvironment, such as metabolic, stromal, and immunological processes, might prevent cancer metastasis and keep the CTC number low even when the primary tumor volume is large 19, 20 . Once the microenvironment is destroyed, cancer cells could spread to other organs and CTC number could increase. A well-designed study is required to draw a definitive conclusion.
Our study had several limitations. First, it was retrospective in nature. Second, it was conducted in a single tertiary referral center, and the sample size was small. Selection bias could not be excluded, and the results should thus be interpreted with caution. In addition, because of the small number of subjects, we could not fully perform a subgroup analysis for factors associated with CTC leakage, and the difference in CTC count according to tumor size, pleural invasion, invasion of great vessels, satellite nodules, and N or M category (with the same T category). Thus, further large-scale prospective studies are required. Third, we analyzed CTCs in healthy individuals and patients with lung adenocarcinoma. CTC analysis results from other types of cancer or those obtained using other CTC detection methods might differ from our study results. Fourth, the sample volume used in our study was different from that of the CellSearch system. Additionally, there were volume differences between samples collected from lung adenocarcinoma patients and healthy individuals, although we adjusted for this discrepancy. Standardization for sample volume or concentration is thus required. Fifth, the FASTbased CTC enrichment method is not an authorized method of CTC analysis. However, there is still no standard method for detecting CTCs in NSCLC patients in clinical practice, and in this study, we presented the clinical utility of FAST-based CTC enrichment method using a propensity-matched healthy individual cohort. Finally, although EpCAM-independent labeling techniques for CTC detection based on the differences in physical properties (size, density, deformability, and electrical properties) have been developed, the sensitivity for CTC detection reported in previous studies and the present one still remain low, and the false positive rate in healthy individuals or those with benign diseases also remains relatively high [21] [22] [23] .
Further studies associated with more accurate CTC detection methods are required.
Overall, our study presented the possibility of a correlation between CTC number and primary tumor volume. We showed that CTC numbers might be associated with primary tumor volume in lung adenocarcinomas patients, especially in those with distant metastasis. In addition, CTC analysis by a FAST-based CTC enrichment method might be feasible for detecting and quantifying CTCs in patients with lung adenocarcinoma. Since our study was a retrospective cohort study and included a relatively small number of patients, large-scale prospective studies are required.
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